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The obtention of highly absorptive surfaces over a wide frequency band and a wide angular range requires the complex manipulation of both electromagnetic properties and geometrical structure of materials. As a matter of fact, a periodic arrangement of sub-wavelength patterns can greatly improve the performance of an absorber with minimum thickness over a large set of conditions. Yet, this inevitably leads to a significant number of geometrical parameters making the design of absorbers fastidious and time-consuming. This paper presents a fast design methodology for microwave absorbers. An optimizer based on the algorithm Covariance Matrix Adaptation Evolution Strategy (CMA-ES) iterates over the results provided by a simulation code based on the Fourier Modal Method (FMM), in order to reach a targeted absorptivity of 1. To illustrate this fast design methodology, we present the optimization of a 10mm-thick structured microwave absorber made of a magnetodielectric material.

I. INTRODUCTION

The suppresion of interferences and reflexions is a keyfeature in antenna systems integration and characterization, and in stealth applications. Numerous lossy materials have been explored in recent years to achieve high absorptivity at microwave frequencies. These go from common materials such as water [START_REF] Xie | Truly All-Dielectric Ultrabroadband Metamaterial Absorber: Water-Based and Ground-Free[END_REF] or cardstock paper [START_REF] Biswas | An ultrawideband origami microwave absorber[END_REF] to exotic composites [START_REF] Green | Recent progress of nanomaterials for microwave absorption[END_REF] loaded with Carbon [START_REF] Ren | 3D-Printed Low-Cost Dielectric-Resonator-Based Ultra-Broadband Microwave Absorber Using Carbon-Loaded Acrylonitrile Butadiene Styrene Polymer[END_REF], Graphene [START_REF] Zhang | Multifunctional broadband microwave absorption of flexible graphene composites[END_REF], Carbonyle-iron [START_REF] Duan | A wide-angle broadband electromagnetic absorbing metastructure using 3D printing technology[END_REF], [START_REF] Zhou | Analysis and design of multilayered broadband radar absorbing metamaterial using the 3d printing technology-based method[END_REF], Alpha-iron [START_REF] Zhou | A novel two-layer periodic stepped structure for effective broadband radar electromagnetic absorption[END_REF], Nickel-iron [START_REF] Chevalier | Composites-based microwave absorbers: Toward a unified model[END_REF]. Generally, a single slab of absorptive material backed by a metallic plate, in a so-called Dallenbach screen configuration, fails to produce a wide-band absorption level [START_REF] Rozanov | Ultimate thickness to bandwidth ratio of radar absorbers[END_REF] even with magnetic properties. This is due to the limited values of permeability in the GHz-frequency range. Other architectures such as the Jauman absorbers, consisting of multiple slabs, or gradient index materials are necessary to reach a broadband behaviour. Nonetheless, the degrees of freedom in the design of bulky absorbers are limited to the number of materials and to the layers' thicknesses. Besides, this requires the access to a large library of materials [START_REF] Chevalier | Composites-based microwave absorbers: Toward a unified model[END_REF], [START_REF] Yigit | Determination of Optimal Layer Sequence and Thickness for Broadband Multilayer Absorber Design Using Double-Stage Artificial Bee Colony Algorithm[END_REF], [START_REF] Michielssen | Design of lightweight, broad-band microwave absorbers using genetic algorithms[END_REF], and can lead to a challenging fabrication.

The materials engineering (e.g. metamaterials) is an efficient approach to get further improvement of the absorber's performance with the introduction of a periodic structuration of the material at a sub-wavelength scale [START_REF] Xie | Truly All-Dielectric Ultrabroadband Metamaterial Absorber: Water-Based and Ground-Free[END_REF], [START_REF] Biswas | An ultrawideband origami microwave absorber[END_REF], [START_REF] Zhang | Multifunctional broadband microwave absorption of flexible graphene composites[END_REF]- [START_REF] Zhou | A novel two-layer periodic stepped structure for effective broadband radar electromagnetic absorption[END_REF]. This technique helps in generating a gradient of effective impedance in the vertical direction with a single material. These structures achieve a wide-band absorptivity and can be nowadays implemented using novel additive manufacturing processes Fig. 1. Periodic structured absorber made of multiple stacked squared-section layers.

[1], [START_REF] Zhou | Analysis and design of multilayered broadband radar absorbing metamaterial using the 3d printing technology-based method[END_REF], [START_REF] Duan | A wide-angle broadband electromagnetic absorbing metastructure using 3D printing technology[END_REF]. Nevertheless, structured absorbers feature a high number of geometrical parameters, which need to be carefully adjusted, according to the materials properties, to get the optimal absorptivity for all frequency points, incident angles and polarizations. The assistance provided by optimization algorithms is of great interest to improve the performance of these structures. For broadband applications, the absorptivity needs to be evaluated at many frequency points, potentially leading to a time-consuming optimization, especially if a lot of iterations are needed. It is thus essential to exploit simplified electromagnetic (EM) resolution tools based on analytical or numerical methods. Among such methods, the Fourier Modal Method (FMM), also, known as the Rigorous Coupled-Wave Approach (RCWA), constitutes a rigorous solution providing competitive computational cost to simulate the interaction of electromagnetic waves with periodic interfaces [START_REF] Fallahi | Modeling pyramidal absorbers using the fourier modal method and the mode matching technique[END_REF], thanks to the absence of 3D meshing.

In this paper, we present a fast optimization-assisted design methodology for wide-band structured absorbers. An optimizer based on the evolutionary algorithm CMA-ES [START_REF] Hansen | Completely Derandomized Self-Adaptation in Evolution Strategies[END_REF] is coupled to a simulator based on the FMM. We give the example of a structured absorber made of 5 stacked layers of squared sections, in a pyramidal configuration, optimized in the frequency band 2-18 GHz. Section II presents the optimization-based design of the absorber and section III presents the absorptivity results.

II. DESIGN OF THE ABSORBER A. Absorber Architecture and Material Properties

The absorber architecture consists of a periodic arrangement of a finite number M of stacked layers with squared sections, in a pyramidal shape, backed by a metallic plate, as shown in Figure 1. The side length w i and thickness h i of each layer i (i = 1, .., M ) as well as the period p, of the unitcell, can be varied to modulate the effective impedance [START_REF] Zhou | Analysis and design of multilayered broadband radar absorbing metamaterial using the 3d printing technology-based method[END_REF]. In this work, the design of a 5-layer absorber, composed of a silicon material loaded with carbonyle iron particles is demonstrated. The dielectric and magnetic properties are displayed in Figure 2. They are extracted from the S parameters measurement in the frequency band 100 MHz-18 GHz using a coaxial cell. The permittivity varies from 16 to 16.5 from 100 MHz to 18 GHz, while the dielectric loss tangent is less than 0.044 over the whole band. The material is highly magnetic with a frequency-dependent permeability going from 4.8 at 100 MHz to 1 at 8 GHz, and highly lossy with a magnetic loss tangent ranging from 0.03 to 1.25 from 100 MHz to 18 GHz.

B. Design Metholodogy 1) Simulation:

The scattering parameters of the layered periodic structure are evaluated using a simulation code based on the Fourier Modal Method implemented in Python. With this method, the medium permittivity and permeability and the electromagnetic fields are expanded into Fourier series. The Maxwell equations are then solved as a matrix eigenvalue problem. The numerical resolution requires the description of the electric and magnetic fields with a finite number of Fourier orders (plane waves). This number is directly related to the accuracy of the result. By definition, the absorptivity A is the proportion of the incident energy to be absorbed. We return it for both the Transverse Electric (TE) and Transverse Magnetic (TM) polarizations. Thus, for a given geometry, we sum the square of the reflection coefficient Γ of all diffracted orders (n, m) at a given frequency f k and direction given by the angles θ and Φ. It follows

A T E,T M (f k , θ, φ) = 1 - n m Γ T E,T M nm (f k , θ, φ) 2 (1) 
For N x and N y numbers of Fourier orders in the x-and y-directions, as defined in Figure 1, the reflection coefficients of 2N x N y Floquet modes are calculated.

2) Optimization: The CMA-ES evolutionary algorithm is coupled to the FMM code in a full python environnement allowing very fast license free computations with low-end hardware requirement. The optimizer, seen as a black box, iterates over the absorptivity result obtained by the simulator for the whole frequency band at a specific incident angle, towards the minimization of the cost function Q. At each iteration, a population composed of an optimal number of independant geometries is generated, and the cost function is calculated for each of them. Then, based on the results, a new set of geometries is chosen for the next iteration.

The cost function is calculated as the sum of the objective function Q o and a penalty term P as follow

Q = Q o + P (2)
We define the objective function as

Q o = 1 N N k=1 (A tar -A p (f k )) 2 + (A av -A p (f k )) 2 (3) 
where A tar is the targeted absorptivity and A av is the average absorptivity over the frequency band. N is the number of frequency points and A p is given by

A p (f k ) = A T E (f k ) + A T M (f k ) 2 (4) 
The penalty term is given by

P = 100 * cstr(h tot ) + Nv i=1 cstr(v i ) (5) 
where h tot is the total thickness and v i is the i -th variable. N v is the number of variables and the function cstr is defined as

cstr(v) =      (v -v min ) 2 , if v < v min . (v -v max ) 2 , if v > v max . 0, if v min < v < v max . (6) 
3) Application to the absorber: The optimization of the 5layered periodic absorber is run to get a maximum absorptivity of 1 at 45 frequency points equidistant in the frequency band 2-18 GHz for a normal incidence (θ = φ = 0). In total, the optimizer deals with 11 geometrical variables as depicted in Figure 1. A convergence test revealed that the minimum number of Fourier orders necessary to correctly describe the scattering parameters is 11: no significant change of the reflection coefficients is observed when increasing the number of Fourier orders. However, running the optimization with a much lower resolution by reducing the number of Fourier orders to 7, led to the same optimal design, while significantly reducing the optimization time.

The optimization problem is given some constraints to ensure the implementation of the structure and to help the optimizer to converge faster. A maximum period equivalent to the minimum wavelength (16.7 mm) is fixed to avoid diffraction effects. A pyramidale shape is imposed to create a gradient of effective impedance and dimensional constraints (v imin and v imax for i = 1, ...11) are given according to resolution of the "Fused Deposition Modeling" (FDM) 3Dprinting technique. The maximum total thickness h tot of the absorber is fixed to be 10 mm.

Figure 3 illustrates the evolution of the cost function as a function of the number of evaluations and time using an Intel Core i7-9850H 2.60 GHz processor and 96 Go of RAM. The Q-parameter is 936 at the first iteration because of non respected constraints such as a total thickness higher than 10 mm. Besides, the initial absorptivity is lower than 0.9 over the whole frequency band. Then Q goes down quickly to less than 1 after 286 evaluations, and down to 7.2.10 -4 after 2500 evaluations. Q starts to converge with less than 0.25% variation per iteration after 1800 evaluations, which corresponds to a 2-hours optimization. On average, each iteration lasts only 4s. In comparaison, with similar computational ressources, the full-wave simulation, based on the Finite Element Method (FEM) of the unitcell with periodic boundary conditions, on the commercial software CST Microwave Studio, takes 3min20s with 45 equidistant frequency points from 2 GHz to 18 GHz and 98 Floquet modes. Thus, as shown in Table I, an optimization of 1800 iterations would require 4 days and 10h. The dimensions of the optimized absorber, as illustrated in Figure 1, are given in Table II. 

III. ABSORPTIVITY RESULTS

Figure 4 depicts the absorptivity and the specular reflection coefficient for normal incidence obtained with CST Microwave Studio (with 98 Floquet modes). We also show the absorptivity obtained with the FMM code with N x = N y = 7 and N x = N y = 11. This graph demonstrates that similar results are obtained with both numerical methods, except for a small discrepancy around 18 GHz when diffraction occurs. It is shown that the reduction of the number of Fourier orders N x and N y from 11 to 7 in the FMM resolution does not have significant impact on the absorptivity. An absorptivity higher than 0.94 is obtained on the whole band 2-18 GHz. It also worth noting that, while the specular reflection coefficient stays lower than -14 dB in the frequency range 18 to 20 GHz, for which the wavelength becomes smaller than the period, the absorptivity is only 0.86 due to reflections in higher order modes.

The absorptivity as a function of the incident angle θ and frequency is given for both TE and TM polarization in Figure 5. From these graphs, we can see that the absorber features a high angular robustness with an absorptivity higher than 0.9 for incident TE-polarized waves with angles ranging from 0 to +/-30 • , and TM-polarized waves with angles ranging from 0 to +/-55 • in the frequency band 2 to 18 GHz. IV. CONCLUSION This paper presents a fast design methodology for wideband structured RF absorbers using the association of the optimization evolutionary algorithm CMA-ES with a fast electromagnetic simulator based on the Fourier Modal Method. A design example with 11 geometrical variables is given. The simulation of the absorptivity is run for 45 frequency points in the band 2-18 GHz with 7 Fourier orders in both x and y directions. Each simulation lasts only 4s which allows for the optimizer to converge towards an optimal design after only 2 hours, corresponding to 1800 evaluations, which is more than 50 times faster than what could be obtained with a commercial software. The absorber performance was validated on CST Microwave Studio Suite. It was demonstrated that the structuration of a single magneto-dielectric material leads to an absorptivity higher than 0.9 over a frequency range from 2 to 18 GHz and for incident angles from 30 • to 55 • for the TE and TM polarizations, respectively, with a total thickness of only 10 mm. This fast design procedure can be exploited to design even more complex multi-material periodic structures with a high number of variables for further enhancement of the RF absorbers' performance.

V. ACKNOWLEDGEMENT

The work was partly funded by French MOD. The authors would like to thank 3D-MAGIC project partners, for the fruitful technical discussions. They are also thankful to the LCMM team from TRT for the RF characterization of the material, and Jules Billuart for the development of the simulation code. Finally, the authors would like to express their gratitude to Yann Semet for his help to implement the optimization-assisted design methodology.

Fig. 2 .

 2 Fig. 2. Permittivity and permeability of the material.
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 3 Fig. 3. Evolution of the cost function Q with time for the optimization of the absorber in the frequency band 2-18 GHz at normal incidence.
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 4 Fig. 4. Absorptivity and specular reflection coefficient (dB) of the optimized absorber at normal incidence. FO stands for "Fourier orders".
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 5 Fig. 5. Simulated absorptivity at oblique incidence of the optimized absorber for the TE and TM polarizations. The dashed line corresponds to an absorptivity level of 0.9

TABLE I

 I 

	COMPUTATION TIMES	
		FMM	CST
	Simulation (1 evaluation)	4s	3min20s
	Optimization (1800 evaluations)	2h	4d10h